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X-ray absorption and resonant inelastic x-ray scattering in the rare earths
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This paper makes a comparison between x-ray absor¥#&$) and resonant inelastic x-ray scattering
(RIXS) in the rare earths. Atomic calculations are given fg—24f. The radiative decay of the XAS final
states is described for the situations where the core hole created in the absorption process is filled by a valence
electron or by an electron from a shallower core level. RIXS spedtta-8d4f"*1—4f" integrated over the
outgoing photon energffluorescence yieldare compared with 8—4f XAS. Sum rules related to XAS and
RIXS and their applicability are discussd®0163-182608)06631-4

l. INTRODUCTION properties>~18 These sum rules rely on a number of ap-
proximations. In general, a constant radial matrix element is
Experiments on rare-earth systems have made a signifiequired. For sum rules that consider the spin-orbit manifolds
cant contribution to the development of magnetic x-ray di-separately one has to assume that the edges can be distin-
chroism and resonant magnetic scattering. Importanguished by thej value of the core hole. For fluorescence
circulart and lineaf magnetic x-ray dichroism experiments yield no exact sum rules have been derived so far and the
have been performed on rare earths. The first satisfactogpplication of XAS sum rules requires numerical
explanation of resonant magnetic scattering was done foralidation® In this paper we address the applicability of the
holmium metaf* The electronic structure of rare earths is sum rules.
determined by the interaction between electrons in the local- The paper is divided as follows. First, in Sec. Il, we show
ized 4f orbitals and in the broadd band. Spectroscopies the separation of the geometric and dynamical part for XAS
involving the 4f shell can usually be successfully describedand RIXS. We make use of spherical tensor algebra, which
by atomic multiplet theory. However, whereas, e.g., mag€nables a general treatment for different transition operators
netic x-ray dichroism at th&l 45 edges is rather well under- and different polarization geometries. In order to obtain
stood, thel,; spectra, dominated by the dipolap25d  nicely normalized quantities we make extensive use of nor-
transitions, pose more problems. In the interpretation one ha®alization constants that remove the square roots from the
to take into account two effects. expressions and lead to a geometric part that is unity in the
First, one observes pre-edge feattfethat are weak in  isotropic case. These square roots are a result of the normal-
the isotropic spectra but have a strong circular dichroic sigization of the 3 symbols and are inconvenient when dealing
nal. That these structures arise from quadrupolar transitiongith physical quantities such as operators and spectra. Sec-
into the 4 shell has been established by resonant elastiton Il gives a derivation for the angular distributions for
o— 7 x-ray scattering* by the observation of a nondipolar some common experimental situations. Section IV is devoted
angular dependence of the circular dichroic x-ray absorptioito the spectral functions and their sum rules. We describe the
(XAS),”® by resonant Raman spectroscdp§and by partial ~ spectral line shape of the XAS spectra at thg edge. RIXS
deconvolution of the lifetime broadenirg. results are discussed for spectroscopies involving the 4
Second, the finite integrated intensity of the circular di-shell. A comparison is made between the radiative decay in
chroism of the p— 5d transitions results not only from the spectroscopies where the intermediate state core hole is filled
polarization of the 8 electrons in the ground state but also by a valence electron or by an electron from a shallower core
from a dependence of thep25d radial matrix elements on level. We end with a conclusion in Sec. V.
the direction of the 8 moment relative to that of thef4''2
Therefore, band effects and the full df-Coulomb

. . . . : , Il. INTENSITIES

interactiort®*have to be included in the interpretation of the

spectral line shape and the variations in thg circular di- The intershell transitions as a result of the absorption
chroic branching ratios. or emission of a x-ray photon are described bl

A complication in the interpretation of resonant inelastic = (e/2m)(p-A+A-p). Expanding the vector potential in
x-ray scattering(RIXS) is that the deexcitation cannot be plane waves gives
simply decoupled from the absorption step as can be done
when the excitation is far above threshold. Furthermore, the
decay is different for transitions between two core levels or A=,
between the valence shell and a core level. ke ¥ 2we)

For systems where a detailed description of the spectral
line shape is complex, useful results can still be obtainedvhere Q) is a normalization volume and,, annihilates a
from statistical methods. For XAS and x-ray scattering sunphoton with momentunk and polarization vectoe. The
rules exist that relate the integrated intensities to ground stat&bsorption intensity is then given by Fermi's golden rule

(ea X "+H.c), (1)
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TABLE |. Relevant constants for electric dipole@= 01), 2
magnetic dipole {Q= 11), and electric quadrupolet@ = 12) (n|V°1| y= < Iplg y= < H P r}
transitions. The factor‘stQ(k) appear in the definition of the opera- \/— ho 2m’
torsV'Q. The 82 give the relative probabilities of dipolar and qua-
drupolar transitions. The factom,, are used in the definition of =(n[r|g). ®
the angular dependendd®?,

By wusing the definition for the outer product

Transition t Q VO bok By Dy [a,b]t=— (i/\/6)ax b andby (k) = v/2k, we find thatv% is
— - equal to[by(K)/ima][p,r1t=(al2)(ag/h)L, with a the

Electric dipole 0 1 V3 3 3 fine-structure constant ana, the Bohr radiusV*' forms

Magnetic dipole 1 1 ga_oL \/gk 1 342 together with thegsS term the magnetic dipole operator.

24 Magnetic dipole transitions are about/Q)?, i.e., five orders
_ 1 /K\2 of magnitude smaller than electric dipole transitions of the
Electric quadupole 1 2 r®  —30 1—5(5) —5J2  same wavelength. Furthermore, we have for the electric
quadrupole operatov?=r(? thatb,,(k) = +/30.
The multipole expansion enables us to separate the ab-

sorption intensity into a geometric and an electronic part, i.e.,

" 2
| (kew) ===2% (n|Hindg)|*8(w+ Eg=En)p,, (2
|(Rew)= 2N BEDKNI[€kV]-VIQg)?
with the density of oscillators given by p, ( )= 2 tQI( I ] ol
= (Q/87%) (w?/%c®). The different multipole? of the spec-
trum are obtained by expanding the plane wave in Bessel
functions and spherical harmonics, i.e.,

X 8(w+Eq—Ep)

N 2 B5T'%%ke) - 1'% w), (9)
=2 [t]ij(knk®.r®, 3)
‘ where we have applied E@5). The cross terms between

with [a---b]=(2a+1)---(2b+1). The tensor products in different tQ values have been omitted. The following
this paper are done withj3ymbols, which are up to a factor factors have been defined: N,=e?w3/16m3€,c?;

equivalent to those with Clebsch-Gordan coefficients, BQ=(k/2)Q‘1([Q]!!) ~12 gives the relative transition prob-
ability, where for the dipolar and quadrupolar contributions
A TS alp (— 1) x | one h_assg/Bizé(k/z)Z; and DtQ:[tQ_]kt/[t]!! bio(K)Bg .
g Y AP\ -\ £ N The different multipole spectra are given by
=(-D"[x]" 1’22 ayb).C¥ 0 (4) 1'9%(w) = —2 |5 B 1'%(gnng), (10)
n

wherea is a spherical tensor of rarlkand aL are its com-  with &= w+Ey—E,+i(I'/2) wherel  is the lifetime broad-

ponents; a tensor without a superscript has rank onesning of the XAS final states; the different combinations of

The inner product is given bya,b'13[11¥?=a"-b'. We use the matrix elements are defined as

here the shorthand notationk=k'C'(k),  with
C! (k)= V4a=/(21+1)Y! (k);?* for spherical tensors of rank

one k=k®). Note that k=1. For kr <1 one has where the normalization constants, are defined as
ji(kr) = (kr)Y/[t]!!. With the use of

I'%abcd)=[(a|(V")'<lb),(c|V'?d)]ng;, (11)

S oxy (21)!
@-phd -dH=> [x]a,d 1% [b',d" ¥ (5) n'x_(—l 0 |>_\/(2I—x)!(2I+1+x)!'

The angular distribution is given by

(12

one then obtains

T'%(ke)=[Z]D{ [ €* k]2 [k V] Png,. (13

=2 Q- k1% (6
[t]” T'QZweighs the different specti®®? w) as a function of the
It is convenient to define the operators wave vectork and the polarization vectar of the incoming
light.
VtQ:t;ti?'T(]IZ)) (p.r 019+ (= 199+, ]2, @ The RIXS intensity is proportional to
_ _ c e, o, 2w (f[Hindm){(n|Hindg) |2
where the factord,o(k) will be chosen in such a way that l(kew k'€’ w") = TZ ; w+Eg—En+i(F/2)|

nicely defined operators are obtained; see Table I.tRor
=01 (electric dipolg andbg;(k) = J3 we have X6(w+Eg— o' —Ef)pyp,- (14
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TABLE II. Bipolar spherical harmonit)*¥%a,b,c) relevant for
the angular dependence of dipolar transitions.

TABLE lIl. Coeficients7, defined in Eq(23) for electric dipo-
lar and quadrupolar transitiong<0,...,XJ).

Ult=a.p z
Ut=2(axb)-c t Q 0 1 2 3 4
12_ 35, .0)-L(a
U—=3(a-c)(b-c)—3(a-b) 0 1 1 3 L
1 2 1 1 -2 -1 -2
In the remainder of the paper we consider the different mul-
tipole transitions separately; to reduce the number of indices 1
we suppress theQ of the transitions. In a way similar to that tQ
for XAS we find for the RIXS cross section witQ-polar TZ(Rf):DIZQanE [xyz(—1)R 1 t¥ 1 t Q
excitation followed by &Q’-polar deexcitation Xy Xy z
A X[[ e, e, [k KOPT. (20)

2m 2 2
l(kew,k' €' w')= WN(»/BQ'N@BQ

X D T2 (kek'€) 177 (w,w').

2,2 r

(15

The dynamical part has now become a tensor product of

absorption and emission
, 0% 1 1
1 (w0)=[- X ——
ﬂ-n,n’,f |gf|2 g:/gn
X[17(n"tfn),1%(gn'ng)]'n,z,,  (16)

where &= w+Ey— o' —E+i(y/2), with y the lifetime

broadening of the x-ray inelastic scattering final states. The

normalization constam,,, is defined as

xyz)

000 17

Nyyz=

Ny, IS zero for oddx+y+z. We also usen,y,, which is
complex for oddx+y+z and equal ton,,, for even
x+Yy+z.22 The angular dependence is given by

T2 (kek'€)=[T? (k'€),Tke)]n,,

zz'r "

(18

IIl. ANGULAR DEPENDENCE

The tensors for the angular dependence are chosen in such
a way thatT® = 1 for tQ = 01,11,12. For electric dipole

transitionsT? is k independent and thé=0 component is,
with respect to th& axis of our system,

6(6)23[2](_1)1+Zannllzullz(6*1612)i (19)

where the bipolar spherical harmorfitsare given by
U¥qa,b,c)=(—1)Y"*n, Ja¥b®]%.c®  The bipolar

This form is convenient for the comparisation of light of
different polarizations as it enables us to factor out the po-
larization vectors. For linearly polarized light with polariza-
tion vectorse, ande, in thex andy directions, respectively,

it is straightforward to show that

1 "
E{[e: &+ (=1 g vey]x}: Refa,} n1,C*(k),

(21)
whereas for circularly polarized light, where
€. =7 (1V2) (&= i), we find

1 * X X+mr *x X
Silel e P+ (=1 e I
a, n;,C*(k), m=0
:[ x H11x ( ) (22)
0, m=1,
with a,=-13%i,5 for x=0,1,2. With the use of

[C'(k),C" (K)]*=C*(k)(—1)'n; ., the angular dependence
is found to be proportional t€%(k),>

L THken) (- 1Tk =] TN M
2 & “ 0, m=1,
(23
where the coefficients
1t Q
T,=Dio(—1)? 2> [xyZang,y 1 t Q
i Xy z
><ﬂllxnttynxyz (24)

are given in Table lIl.

IV. SPECTRA AND SUM RULES
A. XAS into the 4f shell
Here we consider two absorption edges often studied: the

spherical harmonics witkyz relevant for dipolar transitions L,3; edges, corresponding to transitions from the @bital

are given in Table Il; expressions for higher valuesxgiz
are given by Thole and van der Laror general multipole

into the valence shell, and thd ,5 edges, which are domi-
nated by the dipolar 8- 4f transitions. The electric dipolar

transitions it is more convenient to recouple the angular deand quadrupolar transition operators are given by the

pendence

Wigner-Eckart theorem
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TABLE IV. Spectral§ expressed ing for Q=1,2. " " ' "

L
Q 15 I NG
1 (dipolap 19=11+10+1_4 I
13=1,—1_,
12=1,—2lg+1_4 | T~ Nd|
2 (quadrupolar 19=1,+1+1g+1_1+1_,

1y 4 1 1
lp=latzli—3l =1
l,— 31— lo— 31 4+l
o~ 2 2'1 0 2'-1 -2
13=1,—21,4+21 _1—1_,
1g=1,—41,+6ly—4l _+1_,

I Q ¢
<n|Vq|9>:Pc|y;U(—1)I_A(—)\ q ’y)<n|IIUC7¢T|g>;

(29

wherel]  creates an electron in sheélwith orbital compo-
nent\ and spino. The reduced matrix element is given by

Pa(Q)=(~ 1) migd1c1*2 | dr Ryy(1)rOR, (1) T S
(26) w [eV]

FIG. 1. Isotropic quadrupolarf2—4f XAS spectra as a func-
For rare earths the crystal fields on thé dlectrons are tion of excitation energy for trivalent rare-earth ions. The left and
often negligibly small and one can assume spherical symméight panels show the; andL, edges, respectively. Spectra for the
try SO,. For a magnetic system the symmetry is lowered td-2 €d9e have been scaled by a factor 2.
SO, and theJ values branch intdd ;=—J, ... J. Here we

take the magnetic axis along tEeaxis and the ground state
to beM;=J. To obtain a nonzero intensity the total transi-
tion operator has to be totally symmetric. This means we®

have to considet?(w) for XAS and1Z?"(w, ') for RIXS.

the difference between left and right circularly polarized
light is a combination of§ with odd z. Using Eq.(23) we
btair

I5 is a combination of the matrix elements,(gnng) 1o+ s 2m 2 10yl

={l(k —1I(k =—N_B5{—C;(k)I
=<g|V£|n)(n|Vq|g>. The combinations for 2{ (ke"w)~l(ke w)) ho© 2~ Colk)lgle)
Q=1,2 are given in Table IV. For dipolar transitions we 30013
have the well-known spectra: isotropikd), circular dichroic +Co(K)lo(w)}, (27

(13), and linear dichroic ). A

Figures 1-4 give the XAS spectra for transitions into thewhere Cg(k) are Legendre polynomials of ordes, i.e.,
4f shell at theL, ; andM 45 edges. Calculations were done P*(cosf) with ¢ the angle between the direction of the light
in the atomic limit using Cowan’s prograri$The Hamil- and the magnetic axis. The speclig») and 13(w) are
tonian includes the Coulomb interactions in thieshell and  given in Fig. 2.
those between thef4shell and the core hole and the spin-  Figures 3 and 4 show, respectively, the isotropic and cir-
orbit coupling. Parameters were obtained in the Hartree-Fockular dichroicM 4 s XAS spectra " = 0.8 eV). These spec-
limit and the values for the Coulomb interaction were scaledra have been published earfie?” and are included for
down to 80% to account for screening effects. This scalingcomparison with the fluorescence yield spectra.
down factor produces good agreement between theory and The behavior of the intensities can be related to ground
experiment® The zero of the energy scale corresponds to thestate expectation values by sum rute$®2?® For |=c+Q
energy of the lowest eigenstate in a spin-orbit manifold. Fig-one can reduce the expression&
ure 1 gives the isotropic 2—4f XAS spectrum using a
Lorentzian broadening of 4 eV. Recently, Loeffenall!
demonstrated the possibility of separating the dipolar and |(Z)(j)=fdw 15(w)=
qguadrupolar features by deconvolution of high-quality XAS i
data by a Lorentzian with a width of 3 eV. The resulting
spectral line shape of the pre-edge structures was in agreeith M, (j)=c+1c,c,—c for jy=j*toj*1j70,j71
ment with multiplet calculations. This method seems to bej~=1=s) and Nyy,=12/[2],(z+1)/[z] for xyz=2z0z,
well suited to study the relative contributions of quadrupolarz—1,1z;z+1,1z. The coupled tensor operators are defined
and dipolar transitions. The spectrum obtained after takings>>

P2
ﬁZy My N AWED), (28)
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Ho

o [eV]

FIG. 2. Quadrupolar @—4f XAS spectra as a function of ex-
. : ; Er
citation energyw for trivalent rare-earth ions. The spectrum for left

minus right circularly polarized light is an angular-dependent com- ‘
bination of1? (solid line) and!® (dotted ling; see the text. The left Tm

and right panels show tHe; andL, edges, respectively. Spectra for

the L, edge have been scaled by a factor 2. Furthermore, some of
the spectra are scaled relatively to the spectra of Fig. 1. The scaling
also applies to the right panel. R R T T PR B

0 5 10 0 5 10 |
, I x | 0] [eV]
WzyZ: 2 (_1)|—)\ +s—o _)\, g N

AN o0 E

FIG. 3. Isotropic dipolar XAS spectra {4—3d4f"*1, dotted
line) and fluorescence spectra for isotropic incoming and outgoing
S y s X y 2z light (4f"—3d4f"*1—4f", solid line) as a function of excitation
X| _ o | X(— 1)%¢ —& -5 ¢ energyw for trivalent rare-earth ions. XAS and fluorescence have
been normalized to the intensity integrated over both edges; the

g

scaling between spectra for different ions is arbitrary. The left and

t oa—1la—1,-1
XIxrgr I gMix Ney Ny, (29 right panels show th&l; and M, edges, respectively.
with s= 3. The operators are spin independent and dependent 107
for y=0 and 1, respectively. These hole coupled tensor op- I_Z('+)+I_Z("): Wo ) (30)
erators are related to the electron operators defined by Carra ol o] (np)

etal® via O%%=2[1]8, o8y 0~ (— 1)l syWe'> with 1,
=(21)1/2*(21 —x)!. The advantage of using normalized op- we obtain the sum rule that relates the total integrated inten-
erators over Judd's opera'tajrsis that the square roots are sjty to the spin-independent operatdtgl indicates that the
removed from the expressions. They are normalized in sucBpectra are normalized to the integrated intensity of the iso-
a way that the expectation valules_are unity for a ground stat@opic spectrum over both spin-orbit split edgeSor z=1
with one hole anﬂMJ;ngz ['-3-7, for rare earths the e have the t,” sum rule. In general, it relates the inte-
ground state of Yb', f13(%F7; M= E%%-Osome typical ex- grated intensity o1%(w) to spin-independent operators that
amples are the number of holeg=w;"", the orbital and  give the Z-polar moment in the electron distribution. For
spin magnetic moments,=Iwg™ and S,=swp'!, respec- =g it simply says that the integrated intensity over both
tively, and the spin-orbit coupling - S= —ISWélo. Note that  edges is proportional to the number of holes. For higher val-
the relation forO*¥* does not hold for the magnetic dipole ues ofz the ground state expectation valuesrdf? show an
operatorT,=[1/(21 + 3)]w3' due to its definition in real in- oscillatory behavior along the rare-earth series; see Fig. 5.
stead of angular momentum space. This behavior is already well described by assuming a Hund
By summing Eq{(28) over both spin-orbit split edges  rule ground staté’
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—— expectation values
-—- Ly-edge
—— M, -edge

2 F

\/ e —
Dy T
La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er TmYb Lu

Ho FIG. 5. The upper panel shows the ground state expectation
values ofw?% for trivalent rare-earth ions fox=1 (solid line), 2
(long-dashel 3 (dashegl and 4(dotted. The lower panel shows
the ground state expectation value dd?=(z/[z])w? 11?
+{(z+ DI z]}w?* 11 (solid line). The dashed and long-dashed
Tm lines shownp{I15(j")—[(c+1)/c]I3(j)} for the L,z and Mys
edges, respectively. This quantity is equal@d according to the
sum rules; see the text. The thin and thick lines correspord to
Yb = 0 and 1, respectively.

Er

causes the stronger mixing of the two edges. More important
o [eV] are theLSJ values that are reached by the absorption. For
late rare earths the ground state has maxini$d values.
4\s a result of the dipole selection rulea$=0 and AL
=0,+1) also highLSJ values for XAS final states are
found. These states are predominantly found injthedge.
A weighted substraction of both edges can be related t§* qualitative argument for this goes as fo'l‘iws- Withis
the spin-dependent operators cpupl|ng(|.e., no Spln-OI’bIj[ couplingthe gl_” states Wl_th
high LS values have relatively low energiéaherec indi-
. c+1_ 1 (2 cates a core hoJeAfter switching on the spin-orbit coupling
15— —1§(i )= —[—(Wél'l’z> the LS states with low energy predominantly go into the
¢ () ([2] edge and those with high energy into fheedge. Hence, for
+1 the states with high.SJ values there is only small mixing
+ W<Wé+l'lz>]; (3D between the two edges. The most extreme examples are the
states with maximuni. SJ values that occur only in thg*
For z=0 this expression forms the basis of the theoryedge. The limited presence of higtSJ character in thg ™
of branching ratio€® It relates the integrated intensities of edge directly explains why thie, andM, edges have little
the spin-orbit split edges of the isotropic spectrum to theintensity for late rare earths.
ground state expectation value of the spin-orbit operator The situation is different for early rare earths. First, the
(note thatw~ 1% is not defined as a physical operatdfor  total J of the ground state is given by —S|. Second, for
z=1 it gives the “S,-T,” sum rule® early rare earths the maximum spin of the XAS final states is
The assumption in deriving this equation is that a certairhigher than that of the ground sta®[*= 7"+ 1) *® Since
spin-orbit split edge can be described by the core hole havingn XAS AS=0 these states have little weigtas a result of
the corresponding value. This approximation is valid for the mixing by the spin-orbit coupling they obtain a finite
late rare earthgand also late transition metalscor early intensity. For early rare earths excitations therefore occur at
rare earths deviations are found for the spin-dependent suintermediateL SJ values. This can also be seen in thes
rule; see Fig. 5. Although for these systems a smaller spinXAS spectra where for early rare earths significant intensity
orbit coupling is found, this is not the dominant effect thatonly occurs at 5-10 eV above the absorption edgkich

FIG. 4. Same as Fig. 3, but now for left minus right circularly
polarized incoming light. Some of the spectra are scaled relative t
the spectra of Fig. 3. The scaling applies also to the right panel.



PRB 58 X-RAY ABSORPTION AND RESONANT INELASTIC X% . .. 3747

consists of the “dipole-forbidden” maximum spin stakes
see Fig. 3. The stronger mixing between the edges is directly
apparent from strong intensity at both edges. This mixing has
as a result that for early rare earths deviations for the spin-
dependent sum rule are found, although Zerl the trends

are well predicted.

B. Resonant inelastic x-ray scattering

For x-ray inelastic scattering sum rules one has to inte-
grate over the incoming and outgoing photon energies. Let
us first consider the integration over the transferred energy
Aw=w— o', which leads to a term describing the decay of

an intermediate statel,?,(n’n)=Eflzl,(n’ffn). Note the
presence of cross terms as a result of interference between
intermediate states leading to the same final state. For the
decay one has to distinguish two situations.

First, the core hole is filled by an electron from a shal-

lower core level, leading to a Raman process described by
I"—cI"1c’I"* 2, If both the intermediate and final states : ' : :

are split by the spin-orbit coupling the spectrum has four 0 5 10

clearly separated manifolds. For a given manifold we¥ind Ao [eV]

12 (nn’;jj ") FIG. 6. RIXS spectra (#'—2p4f"*!—3d4f"*1) as a function
¢ of transferred energd w=w—w’. The zero of the energy scale

, i z' corresponds to the energy of the lowest final state of a certain edge.
= szj ,(¢,Q,c") E (—1)i-m ( —m g m) tSr.]pectra are given at three excitation energies, frgm top to bottom: at
m.m’ el ; absorption edge, 2.5 eV above thgabsorption edge, and at
theL, absorption edge; see Fig. 1. Only thie edge is shown. The
x{n' |cjm,c;m|n>nj;}, (32 incoming light is isotropic; the outgoing light is isotropic
_ o _ [13%%w,w"), solid lingl and linear dichroid 13*{w,w'), dashed
with the coefficient given by line]. The dotted line gives the intensity 0§?{w,w’) integrated
K Q']z along theAw axis.

: . : j
z N (_1\i+ti +c+ 2 i
Bjj(c,Q,c)=(=1)" et P[] ]lc, c s

different detection angles with respect to the magnetic axis,
o o we obtain a signal that is proportional i§f4 »,’). In that
x[ _ _ J ]n-z,n,l , (33) case the integration ovey’ of a spectrum at a given absorp-
J jooz') e tion energy is finite at th&; edge, but zero at the, edge;
. . . . l
The decay of an intermediate state=(n’) is therefore de- see Fig. 6. This is a direct result of the fact that jhes

termined by an expectation value of the polarization of thelevel has no quadrupolar momef@ finite intensity can still

core hole for that state. For, e.@,=1 this expectation occur as a result OT 'ghe presencejef; character in thsz_
value is(j,) ' e edge due to the mixing by the core-valence Coulomb inter-
2)-

Let us consider a specific example. A typical resonanf’lcnong' I . -
Raman procefd® is given by | = 4f, ¢ = 2p, and For.a measurgment W|th isotropic Ol_thomg light the. ex-
¢’ = 3d. For simplicity we take the incoming light to be pectation value is proportional té, ,/, i.e., the decay is
. . . : . constant and all interference terms cancel. When a summa-
isotropic. If the system is magnetic the absorption proces

i H 0
still creates a polarized core hole as a result of the polarizaElon over bothj’ edges is made one obtaifis

tion of the valence shell. If the polarization is not detected p?
the outgoing light has an isotropic and linear dichroic part 2720, 0/ s isoy_ cc!
[see Eq(23)] lo“(nn )—Jz; lo(nn’;jj )__[c] Snnr- (39

Therefore, for isotropic outgoing light an integration over the
transferred energw— w’ leads to a spectrum as a function
of excitation energyw that is proportional to XA$8:3°
,)+1C2(R)|ogz(w ') The second case is where the deexcitation involves the
ORI AT ' valence shell, i.el"—cl""1—|". Figures 3 and 4 show the
spectra integrated over the energy of the outgoing photons
(39 . : . . 4 L
(fluorescence yieldfor isotropic and circular dichroic in-
Figure 6 gives the two different spectra for Hoat three  coming light, respectively; the outgoing light has been taken
different incoming photon energies. If we now take, for ato be isotropic. We observe significant differences with the
certain absorption energy, the difference of two spectra aKAS spectra. Therefore, even for isotropic outgoing light,

%{I(w,|2'6+w’)+|(w,l2'efw’)}

_277

- N, N,BIB3i{ 13 w,w
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the decay cannot be decoupled from the excitation. In con- The state after excitation with-polarized light can be
trast to Eq.(32), where the operators working on the closedwritten as|vq)=2pa,(q)|n); this state can be normalized to
shell could be removed, one obtains here that the decay ignity by using the coefficienta,(q) =a,(q)/ /<Uq|vq>_ The

proportional to an intermediate-state expectation value of gtegrated intensity of the fluorescence spectrum excited with

2=0 , P§| Iguor:<vqlvq><vr>q:IéAS<VF>q: (39
IO (nn ):E n'nr+—2 5)\7777,)\77 . . . . . . . .
[Nfic Ar" 17y s0n0” i.e., the integrated intensity is given by the XAS intensity
multiplied by a term that describes the radiative decay. If the
xch(cy',IN)cH(cy,IN) polarization of the outgoing light is not measured this latter
term is given by
X(n’“)\O.Cyrg.rll,a_,cza_|n>], (36) . - gngn/ /
(VIg= 2 TCHKHX TTE—E,z lo(nn).
! ! n n/
where cl(cy,I\) are the Slater-Condon paramet&tsThe “ even o (T +1

matrix elements are, except for an offset and the radial inte- (39)

grals, equivalent to those of th@}, Coulomb exchange. . ) ]
Note that the ‘GL,” term also assumes negative values andThis clearly shows that the total decay fpipolarized light
(Vr>q is a weighted average of the decays of the intermedi-

Coulomb term is also for a large part responsible for theAt€ Statesg (nn’). Proportionality of the integrated intensity
position of the eigenstates in a spin-orbit manifold. This di-Of tr}ﬁm cwculfagr dichroic 1£Iluorescencg spectra,  l.e.,
rectly explains the trend in the fluorescence spectra, that tHebqdlg )/ (Zqlq" ), With (W) =(L;)/l is obtained if
states closer to the absorption threshold in a certain edg(é/r>q is not strongly dependent on the polarization. Numeri-
have in general a smaller decay compared to those at theal evaluation o’(VF)q shows that this situation is found for
high-energy side of an edge. early rare earths, but that there is a strong polarization de-
Let us now consider the sum rules for the intensities inpendence for late rare eartisThis can be understood as
tegrated along the transferred and excitation energy. Fdollows. As was shown above, the decay of the intermediate
deep-lying core levels with a large lifetime broadening, suclstates is proportional to aG,"-like term. Maximum varia-
as the 2 shel, one can use the fast-collision tions in decay can be expected for “puré’S-like interme-
approximatiort.”*8 This implies replacing the intermediate- diate states. The effect of mixing by the spin-orbit coupling
state energy denominator bfn: w+ Eg_En+ i(T'/2), is small for the high_S J states that are reached in absorption

whereE, is an average energy. For the situation where thd" 1até rare earths, leading to a strong polarization depen-
emission involves two core levels one can then défise dence. The stronger mixing of the intermediat8J states
that are reached in early rare earths decreases variations in

(Vr>q. It is remarkable that the mechanism that causes de-
Iéz/’(j J) = f.de’. dw’léz'r(w,w’) viations for the ‘S,” XAS sum rule improves the agreement
I i’ betweenL, values obtained by fluorescence yield and the
ground state expectation values.
% , It must be noted that a more efficient way to remove
=Bj;.(c.Q.c )xEy C (e,Q.I)(wg"), variations in(V"), is to create duv,) that has not a strong
' (37)  LSlike character. This is found for many transition-metal
systems where a strong crystal field quenches the orbital mo-
where the coefficient®3 and C are given in Ref. 30. For ment.
isotropic outgoing light we have C}‘ym
=(P§|/[cl])My(j)nyZ, which means that the same coeffi- V. CONCLUSION
cients are found as for XAS. In this limit the fast-collision ) )
approximation is not necessary since all interference effects !N conclusion, a comparison has been made between XAS
cancel. and resonant inelastic x-ray scattering. Several aspects de-

When the deexcitation involves the valence states the sitS€7ve further experimental investigation. The isotropig
ation is more complex. Sum rules would involve two-particle SPEctra slhlould be reexamined since, as was shown by Loef-
valence shell expectation values that are difficult to evaluatd®" €t al,”> more detailed information can be obtained by
Recently, an investigation has been made into the applicabiPart'al decc_)nvolutlon of_the lifetime broadenllng. This sh_ould
ity of XAS, sum rules for spectra obtained with fluorescencee"@bPle a direct comparison of the relative size of the dipolar
yield 18 which is applicable when the Auger lifetimes are not and qu_adrup_o_lar contrlbutlons._AIso a careful determination
too strongly term dependent. Although fluorescence yield i©f the intensities of the two spin-orbit split edges would be
in principle not equal to XAS the conditions for integrated wgtercoastmg. It is generally assumed that for isotropic light
intensities are less stringent. Here one does not require thht,/!L,= 2:1. However, a strong polarization of thel &lec-
every final state has a constant decay but that the total decaons in the ground state would give deviations from the
of the excited intermediate states does not have a strong pstatistical branching ratio.
larization dependence. The experimental developments in x-ray inelastic scatter-

that the lowest possible value fch'ZO is zero. TheG},
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ing are more recent. It is now rather well established that O@hotoemissioﬁ‘ (I"=cI"" ¢’ 21" 1E, | whereE, denotes

resonance the excitation and decay cannot be decoupled. F@iphotoelectrop which is formally very similar to the scat-
a delocalized system this implies that one has to take 'nt?ering process"—cl"1—¢c’'I"* 1, Recent resonant Raman

accr:Ol\J/ntI t:e Cir%’ftfl rt1i1orr]neri1r:urtrr11 Ofir;Tem?O:j? P(Mth?ugzﬂ xperiments on Co show the presence of higher moments in
core-valence Interactions € ntermediate stale MiYq core hole distributiod?

change its value For a localized system one has to consider The x- tteri 48 o+l |n bl

the angular momentum. Within an independent electro € x-ray scatlening process—cl  ~—1" enables one
model the angular momentum is conserved. However, interr]t-p study valle.nce band excnauons..AIt'hough for'electrlc mgl-
actions with the valence shell change the valueg ahdm tlpole f[ransmonsA.S:.O, these excitations also mclude'spln
and in general for an intermediate-state eigenstate one has {iPS since the spin is not a good quantum number in the
consider expectation values of, e . of the core hole. This mtermedlate state as a result of the Iarg_e core-hole spin-orbit
quantity could be obtained, e.g., by measuring the differencEOUp“”Q- Recently, octet-sextet transitions have been ob-
between left and right circular polarization of the outgoingServed in G&* (ground state’s;/,) >

light. Unfortunately, these experiments are rather complex. A relatively simple way to study resonant inelastic x-ray
A determination of the quadrupolar moment of the core holescattering is fluorescence yield since it does not involve the
polarization seems more promising since it involves a meadetection of the energy of the outgoing photon. The spectra
surement at two different detection angles. The presence ébr fluorescence yield already show significant deviations
core-hole polarization has been demonstrated in resonafriom the XAS cross section.
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